Calcium-deficient hydroxyapatite (DAp) was synthesized by hydrolysis of -TCP at different pH. Ca/P ratio of DAp increased with increasing pH during the hydrolysis. In addition, DAp which was synthesized at lower pH, showed higher solubility in the simulated body fluid (SBF) and had a more negatively charged surface than that at higher pH. Bone-like crystals were formed on DAp which have been soaked in SBF at 309.5 K in vitro. DAp demonstrated faster formation of a bone-like layer than stoichiometric hydroxyapatite (HAp). Moreover, the formation of the crystals on DAp synthesized at lower pH was much faster than that at higher pH. The adhesion of MC3T3-E1 osteoblast-like cells was also influenced by pH during the synthesis of DAp; the number of adhering cells increased with a decrease in the pH. Therefore, high solubility and negative charge of DAp, especially that synthesized at lower pH resulted in fast formation of bone-like crystals and good cell adhesion.
Introduction
Calcium phosphate ceramics have been used as bone substitutes because of its superior biocompatibility. 1) In particular, hydroxyapatite (HAp) has similar chemical composition to bone and can be directly connected to bone. However, the bone formation on HAp in vivo is slower than that on Bioglass composed of CaO, P 2 O 5 , Na 2 O, SiO 2 and so on.
2) Moreover, HAp is too stable to be absorbed from the viewpoint of tissue engineering.
3) It has been widely acknowledged that calcium-deficient hydroxyapatite (DAp) with its chemical formula Ca 10Àz (HPO 4 ) z (PO 4 ) 6Àz (OH) 2Àz Á nH 2 O (Ca/P = 1.50-1.67) can be synthesized by hydrolysis of -TCP. 4) Both Ca/P ratio and the morphology of DAp depended on pH during the synthesis. So, one can say that the potential of DAp as a bone substitute is higher than that of stoichiometric HAp. 5) Moreover, DAp was reported to dissolve in vivo earlier than HAp. The formation process of new bones in vivo consists of adhesion of osteoblast cells and mineralization. In this paper, we report the results of in vitro study on bone-like layer formation and adhesion of osteoblast-like cells on DAp synthesized at different pH.
Experimental Procedure
DAp powder was prepared by hydrolysis of -TCP powder. -TCP powder (Taihei Chemical Co. -TCP-B) was stirred into distilled water at 353 K for 3 hours. The pH value of the suspension remained at 5.5, 6.5, 7.5 or 8.5 with the addition of nitric or ammonium solution. Thereafter, DAp powder in the suspension was separated by filtration and dried at 373 K. Stoichiometric HAp powder was also synthesized by mixing 100 mmol/l Ca(CH 3 COO) 2 H 2 O and 60 mmol/l NH 4 H 2 PO 4 in acetate buffer solution at 353 K at pH = 7.4. The crystal structure of obtained samples was checked by X-ray diffractometry (XRD) and Fourier transform infrared spectroscopy (FTIR). Zeta potentials of DAp and HAp particles were measured in 10% NaCl solution at different pH by electrophoretic light scanning spectrophotometer (Otsuka Electronics Co. ELS-8000). It is well known that DAp decomposes into -TCP and HAp by annealing at 1273 K for 1 hour. Ca/P ratio was evaluated by measuring the fraction of -TCP by XRD since it is proportional to the amount of decomposed -TCP. 6) In some cases, Ca/P ratio was also checked by a wet chemical analysis.
DAp and stoichiometric HAp pellets were prepared from the powders by uniaxial pressing and the pellets were sintered at different temperatures ranging from 573 K to 973 K for 2 hours. After the sintering, DAp and HAp samples were mechanically polished by #2000 emery paper to avoid the effect of surface roughness 7) and then soaked in a simulated body fluid (SBF) at 309.5 K. Table 1 represents the chemical composition of SBF used in the present study. 8) A bone-like layer formed on DAp and HAp, which was reported to be poorly crystallized carbonated apatite 9) was observed by a scanning electron microscope (SEM) and a transmission . Statistical analysis of the data was done by Student's t-test, and the differences in the data were considered to be significant when p < 0:05. Figure 1 shows SEM micrographs of DAp and stoichiometric HAp powders. DAp powders synthesized at pH = 5.5 ( Fig. 1(a) ) and 6.5 ( Fig. 1(b) ) show a plate-like shape, while those at pH = 7.5 ( Fig. 1(c) ) and 8.5 ( Fig. 1(d) ) are a rod-like shape. On the other hand, stoichiometric HAp particles also have a high aspect ratio as shown in Fig. 1 (e). The long axis and the flat surface of rod-like and plate-like DAp are parallel to the c-axis and {1010} plane of apatite, respectively. The XRD profiles of DAp powders synthesized at different pH are quite similar to those of HAp as shown in Fig. 2(a) . On the other hand, the FTIR spectrum of DAp powder contains a HPO 4 2À peak at 860 cm À1 in contrast to HAp as shown in Fig. 2(b) . It is noted that HAp reveals CO 3 2À peaks at 875, 1426 and 1490 cm À1 because CO 3 2À ions in distilled water are incorporated into HAp during the synthesis. Thus, DAp powders were successfully synthesized by the hydrolysis of -TCP at different pH, though the shape of the powders depended strongly on pH during the synthesis. Zeta potentials of DAp and HAp particles are plotted against pH set during the measurement in Fig. 3 . As the pH decrease, zeta potentials of DAp and HAp are reduced. Zeta potentials of DAp synthesized at pH = 7.5 and 8.5 are almost similar to those of HAp. In contrast, DAp powders which were synthesized at pH = 5.5 and 6.5 are more negatively charged than HAp. Figure 4 shows variation in Ca/P ratio of DAp with pH during the synthesis. Ca/P ratio of stoichiometric HAp is known to be 1.67, 1) while the Ca/P ratio of DAp is lower than 1.67 and increases with increasing pH during the synthesis. From the DAp formula (Ca 10Àz (HPO 4 
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2À concentration (z) results in a decrease in Ca/P ratio. The ratio of HPO 4 2À to PO 4 3À increases with increasing pH from 5.5 to 8.5.
1) The increase in z also leads to a decrease in Ca 2þ concentration, resulting in the negatively charged surface of DAp, particularly at lower pH. Thus, morphology, surface charge and Ca/P ratio of DAp depended strongly on pH during the hydrolysis. Figure 5 shows SEM micrographs of the surface of DAp and HAp sintered at 573 K for 2 hours and then soaked in SBF solution at 309.5 K. A bone-like layer confirmed by XRD and TEM was observed to be formed on DAp synthesized at pH = 5.5 even after soaking for 6 hours ( Fig. 5(a) ). This layer becomes thicker as soaking time increases and completely covers the surface after 1 day as shown in Fig. 5(b) . After soaking for 1 week, the 10 mm thick bone-like layer is observed as shown in Figs. 5(c) and (d). On the other hand, DAp synthesized at pH = 8.5 exhibits slower formation of the layer, especially at short soaking time (Fig.  5(e) ). Furthermore, there are few bone-like crystals on HAp soaked for 6 hours as shown in Fig. 5(f) . Thus, formation of the bone-like layer on DAp, particularly synthesized at lower Morphology of stoichiometric HAp is also shown in (e).
Formation of bone-like layer
pH is obviously faster than stoichiometric HAp. Variation in Ca 2þ concentration with soaking time of DAp and HAp in SBF is shown in Fig. 6 . In any sample, Ca 2þ concentration increases rapidly with longer soaking time up to 6 hours. After showing a peak, it diminishes with further soaking since Ca 2þ ions are consumed to form the bone-like layer. Ca 2þ concentration after soaking DAp for 6 hours increases with decreasing pH during hydrolysis of -TCP. This means that the solubility of DAp in SBF becomes high as pH decreases. It is well known that SBF is supersaturated with respect to hydroxyapatite even under normal condition. The increase in Ca 2þ concentration by dissolution of DAp accelerates the formation of the bone-like layer resulting in high growth rate of this layer, especially on DAp synthesized at pH = 5.5. In contrast, low solubility of HAp leads to slow growth at an early stage of the bone-like layer formation. It is also noted that Ca 2þ ions in SBF solution are attracted to a negatively charged surface. DAp synthesized at pH = 5.5 has such a negative charge that the bone-like layer is rapidly formed. Therefore, the solubility and surface charge of DAp are closely related to the formation of this layer in SBF solution.
Formation of the bone-like layer on DAp also correlated with the sintering temperature. DAp was sintered at 773 K and 973 K and then soaked in SBF solution up to 1 week. which was synthesized at pH = 5.5 and then sintered at 773 K ( Fig. 7(a) ), despite the fact that a thick layer of the crystals was formed on that at 573 K ( Fig. 5(d) ). In contrast, the DAp sintered at 973 K also forms a thick bone-like layer as shown in Fig. 7(b) . However, the bone-like layer on DAp synthesized at pH = 8.5, sintered at 973 K and then soaked in SBF for 1 day shows a plate-like shape (Fig. 7(c) ), quite different from that sintered at 573 K ( Fig. 5(a) ). The microstructures of the bone-like layer, which formed on DAp sintered at 573 K and 973 K were observed by TEM as shown in Fig. 8 . In both cases, the layer is composed of nanocrystals as shown in Figs. 8(a) and (b). Moreover, diffraction spots corresponding to apatite can be clearly observed in Figs. 8(c) and (d) . In contrast, dicalcium phosphate dihydrate (DCPD) is observed to precipitate on DAp sintered at 773 K by thin-film XRD as shown in Fig. 9 . A 121 peak of DCPD on as-soaked DAp is very weak due to its low crystallinity ( Fig. 9(a) ), while the peak becomes strong after annealing at 973 K (Fig. 9(b) ).
DCPD can precipitate in the case that ionic activity product of Ca 2þ , PO 4 3À and OH À is enough high. DAp sintered at 773 K dissolves fast resulting in the formation of DAp. The solubility of DCPD is so high that the bone-like layer is scarcely observed as shown in Fig. 7(a) . Thus, the dependence of the bone-like layer formation on sintering temperature seems to be associated with the crystal structure of bone-like crystals, though the details are not yet clear.
Cell adhesion
Absorbance of the solution containing MC3T3-E1 cells adhering to DAp and HAp was measured by the microplate reader and is shown in Fig. 10 . Higher absorbance corresponds to a larger number of adhering cells, and the number of adhering cells on DAp increases with decreasing pH during the synthesis of DAp. It is also noted that lower sintering temperature of both DAp and HAp results in a larger number of adhering cells. In addition, cell adhesion on DAp synthesized at pH=5.5 is more frequent than that on stoichiometric HAp. Osteoblast cells attach to the apatite surface through interaction between the cell surface receptors and adhesion ligands. 10, 11) Integrin, one of the receptors, is known to be activated conformation by Ca 2þ ions. 10) Fast release of Ca 2þ ion from DAp synthesized at lower pH is considered to result in the increase in number of adhering cells. Moreover, DAp prepared at lower pH was more negatively charged. Since extracellular matrix (ECM), composed of collagenic proteins, fibronectin etc. is positively charged, it first adheres to DAp which has a negatively charged surface. 12) Thereafter, osteoblast cells with negative charge attach to the ECM. The negatively charged surface of DAp synthesized at lower pH is, therefore, favorable for the adhesion of the osteoblast-like cells. It is concluded that the high solubility and the negative charge of DAp synthesized at lower pH are responsible for the cell adhesion. 
Conclusions
Formation of a bone-like layer and adhesion of osteoblastlike cells on DAp were examined in vitro focusing on pH during the synthesis. The following conclusions were reached.
(1) The bone-like layer was formed on both DAp and HAp soaked in SBF solution. The formation speed of the layer on DAp was much faster than that on HAp, especially at the early stage of soaking. Moreover, the formation of the bonelike crystals on DAp synthesized at lower pH occurred faster than that at higher pH. The high solubility and negative charge of DAp which was synthesized at lower pH resulted in faster formation of the bone-like layer.
(2) Number of adhering osteoblast-like cells increased with decreasing pH during the synthesis of DAp. Moreover, DAp synthesized at pH = 5.5 showed better cell adhesion than stoichiometric HAp. DAp synthesized at lower pH was more soluble and negatively charged, resulting in good cell adhesion.
